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Single stage digestion tests were performed on food waste (FW) alone and mixed with olive
husks (OH), to assess the influence of composition and pH on hydrogen and methane
production. Process intensification with thermal pretreatment to further enhance the
biological conversion of substrate constituents was investigated, too. Best performance in
terms of H2 production (up to 87 NL/kg VSfed) was observed at initial pH 7 with the co-
digestion of pretreated mix, because of the high amount of solubilized carbohydrates
transformed rapidly during the first hours. Pretreatment of the sole FW enhanced
hydrogen production only at initial pH 7, while successive methane production, ranging
from 339 to 446 NL/kg VSfed, was not significantly affected. The strategy of co-digestion
with untreated OH resulted encouraging to achieve contemporarily high methane and
hydrogen conversion rates. The First Order/Modified Gompertz equation, the Logistic
function and the Transference Function were used for experimental data fitting; the
Modified Gompertz equation proved to be the best fit for this purpose.
Copyright © 2015, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights
reserved.Introduction
In Europe, about 100 million tonnes of food are wasted annu-
ally, and unfortunately these quantities are predicted to be
rising in the next few years, severely affecting the global
warming contribution of methane production from landfilled
foodwastes (FW), unlessotherways to treat FWarepursued [1].8.
. Braguglia).
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.061Moreover, agri-food industries are responsible for further
amounts of organic wastes, characterized by a high biode-
gradability,whichmakes themunsuitable for landfilling, even if
they are not hazardous materials. On the one hand it is of first
importance to reduce the amount of FW generated, but on the
other hand it is also necessary to develop sustainable alterna-
tivesolutions forFWtreatment.Anaerobicdigestion (AD)seemsished by Elsevier Ltd. All rights reserved.
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and to meet the increasing energy demand, using exactly the
organic fraction as source of renewable energy production (H2
and CH4), adding a surplus value to the substrate. In fact, in the
last years, biological production of hydrogen using microor-
ganisms, became an attractive innovative of technology devel-
opment offering the potential production of usable hydrogen
from a variety of renewable resources [2].
In general, FW is characterized by a high volatile solid and
moisture content, which makes it a perfect substrate for AD
[3]. The bio-methanization potential of the waste depends
strictly on the concentration of the four main components:
proteins, lipids, carbohydrates, and cellulose [4]. Food waste,
as carbohydrate-rich feedstock, has a good potential also for
hydrogen production [5]. Typically only the 15% of the energy
contained in the organic substrate is converted to hydrogen,
but this stepmay contribute to hydrolyse and pre-ferment the
organic matter, which will be more available to methanogens
[6]. In fact, biohydrogen production from organic waste is
usually accompanied by the production of organic acids that
are suitable substrates for CH4 production.
Furthermore, an appropriate initial pH value is important
for hydrolysis reaction of AD, especially for substrates like FW,
for which acidification happens easily at the beginning of
digestion, influencing the hydrogen-producing bioprocess [7].
Several studies demonstrated that anaerobic systems for
the treatment of waste feedstocks containing a large fraction
of recalcitrant organicmatters such as foodwaste [8] and olive
pulp [9] presented a low overall degradation efficiency.
On the basis of these considerations, the future scientific
challenge will be the improvement of the AD performances by
integrating a solubilisation pre-treatment step, in order to
enhance hydrolysis rate, and/or co-digesting different sub-
strates to increase biodegradability minimizing inhibition
effects.
In fact, different substrate pretreatments to accelerate both
the rate limiting hydrolysis step and the accessibility of biode-
gradable compounds to enhance biomethanization have been
developed [10,11]. Steam pretreatment, lime pretreatment,
liquid hot water (LHW) systems and ammonia based pre-
treatments are the ones that, according to economic effective-
ness, and to the positive effect on biomass digestibility, have
the highest potential [10] to treat organic waste. Thermal pre-
treatment by autoclaving, because of thehigh temperature and
pressure, is able to reduce the particle size, to increase the
porosity of the materials, to break down lignin and hemicellu-
lose, to maximize the bioavailability of organic matter [12e14],
to reduce viscosity, to remove pathogens and to improve dew-
aterability [11]. Materials pre-treated by autoclaving under
various conditions have attained different efficiencies
regarding methane production in batch tests. In fact, while by
autoclavingmixedkitchengarbage (175 C, 40bar, 1h)CH4 yield
increased byþ30% [15], the BMP value obtained fromuntreated
and autoclaved FWdigestionwas 0.501 and 0.445m3 CH4/kg VS
[14], respectively, probably due to the formation, during the
pretreatment, of refractory compounds, as melanoidins, that
can affect the biodegradability and consequently the bio-
methane production [16,17]. However, kitchen waste exposed
to thermal pretreatment before the acidification process
exhibited a higher removal rate of both volatile solids andPlease cite this article in press as: Pagliaccia P, et al., Single stage anae
olive husks: Impact of thermal pretreatment on hydrogen and meth
http://dx.doi.org/10.1016/j.ijhydene.2015.10.061proteins throughout themethanephase [17]. Fewstudies report
high H2 yields due to hydrothermal and steam explosion pre-
treatments, that by efficiently hydrolysing the hemicellulose
part of lignocellulosicbiomassesenhancehydrogenproduction
[18]. These methods have high energy demands that are likely
not met with the increases in hydrogen yields [19] and more
research is needed to optimize the process.
As mentioned before, co-digestion may be another attrac-
tive option to enhance the AD process; one waste stream is
mixed with another one in order to economically share costs
associated with the treatment and provide additional advan-
tages, as dilution of toxic and inhibitory compounds,
improved balance of nutrients, synergistic effect of microor-
ganisms and higher biogas yields. Obviously the economic
feasibility of co-digestion is largely affected by the availability
of organic waste on the territory. In the Mediterranean area
one of the major issues is the disposal of olive mill by-
products, as this region accounts for approximately 95% of
the worldwide olive oil production. Olive mill residues are
well-known for their high organic matter content, as well as
the presence of recalcitrant phenolic compounds. Due to the
seasonality of olive mill industries, the amounts of organic
residues generated may therefore give rise to storage prob-
lems or render mono-substrate digestion not cost-effective
[20]. For overcoming this problem, olive mill by-products
should be co-digested with other locally available waste
streams. Olive mill by-products characteristics depend on the
process adopted for olive oil extraction. During the continuous
three-phase process, water addition during the centrifugation
step generate large quantities of olive mill wastewater two
different fractions, at high organic load content, namely olive
husks (OH), and oil. OH are a solid by-product consisting of
pieces of skin, pulp, stone and olive kernel. The major con-
stituents are polysaccharides, proteins, fatty acids, ligno-
cellulosic polyalcohols, polyphenols and other pigments [20].
Moreover, vegetable substrates as OH tend to accumulate VFA
during first steps of anaerobic digestion, leading to acidity,
and inhibition processes. For all these reasons, OH is less
suitable to be treated as monosubstrate [20e22].
Aim of this work was therefore to investigate the efficiency
of thermal pretreatment on complex substrates as food waste
(FW) and olive husks (OH), in terms of solubilisation extent of
organic compounds, in particular carbohydrates and proteins.
Moreover, anaerobic digestion enhancement potential of
thermal pretreatment on mono- or co-digestion (FW þ OH)
was investigated, operating a single phase hydrogen and
methane production process at different initial pH.
Finally, four simplified mathematical models e the first
order Gompertz equation, the Modified Gompertz equation,
the Logistic function and the Transference Function e were
used to evaluate and compare process performances.Materials and methods
Substrates and anaerobic inoculum
Food waste (FW) was collected from the cafeteria of the
research area “Roma 1” of the National Research Council. The
cafeteria serves approximately 300 researchers per day androbic bioconversion of food waste in mono and co-digestion with
ane production, International Journal of Hydrogen Energy (2015),
Table 1 e Characterization of cafeteria food waste (FW)
investigated in this work and typical literature values.
Cafeteria FW Reference values
pH 4.8e5.5 4.1e5.4 [22,23]
TS (%) 13e15.5 7e27 [7,23]
VS (%) 12e15 6e26 [7,23]
VS/TS (%) 95e97 86e96 [24,25]
Soluble COD (g/L) 40e70 11e98 [14,22]
Total COD (g/L) 165e180 19.3e346 [26,27]
Total N (g/L) 2.6e2.9 13e35 [4,23,24]
C/N 20e24 17e20.5 [22,28]
Soluble proteins
(gCOD/L)
10e28
Soluble carbohydrates
(gCOD/L)
2e13 6 [29]
i n t e r n a t i o n a l j o u r n a l o f h yd r o g e n e n e r g y x x x ( 2 0 1 5 ) 1e1 1 3produces approximately 400 kg of food waste per week. The
canteen food waste consisted of mixed cooked and uncooked
food such as pasta, rice, bread, fruit and vegetable peelings. In
order to minimize the high substrate variability, a large bulk
quantity of FW was collected in a single acquisition, and
manually chopped and screened. The well mixed bulk mate-
rial was then shredded by a lab-scale knife and stored at (20)
C. Before the experiment, one part of the FW sample was
thawed, and mixed with tap water at the weight ratio 1:1, in
order to ease the grinding phase and to maximize the effec-
tiveness of thermal pretreatment.
The OH, used for co-digestion with FW, was collected from
an olive oil factory located in Lazio region equipped with a
two-phase continuous process and then diluted with tap
water (weight ratio 1:4), since OH have a moisture value not
suitable for the process [20]. The mixture of FW with OH
consisted in 67 and 33% on weight basis, respectively.
Tables 1 and 2 show the physical and chemical properties
of the raw substrates used in this work, compared to typical
literature values.
Sludge used as inoculum was extracted from a mesophilic
anaerobic digester and batch acclimated before starting the
experiment, without any pretreatment. The inoculum was
characterized by a pH of 7.9e8.5, total solids (TS) content of
2.1e3%, volatile solids (VS) content of 1.1e1.7% and total COD
in the range 12e38.5 g/L.
Thermal pretreatment
The thermal pretreatment of the FW, alone, ormixedwith OH,
was carried out by a bench scale autoclave Laboklav 25b, withTable 2 e Characterization of olive husks (OH)
investigated in this work and typical literature values.
OH Reference values
pH 5.6 4.9e5.6 [20,30]
TS (%) 24 17.2e57 [20,30]
VS (%) 21 15.5e56 [20,30]
VS/TS (%) 89 87e98 [20,30]
Soluble COD (g/L) 9 83 [30]
Total COD (g/L) 310e390 190e520 [20,30]
C/N 31.5 30e35
Soluble Polyphenols
(g Gallic Acid/L)
2.2e2.6 2.9 [30]
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pmax ¼ 3.2 bar. The pretreatment time was set at 20 min on
300 mL of sample, corresponding to a specific thermal energy
of 503 kJ/L.
Anaerobic batch digestion tests-experimental design
The Biochemical Hydrogen and Methane Potential was eval-
uated in mesophilic conditions (37 C) with bench scale
anaerobic flasks (0.3 L), operated in single stage batch mode
(i.e. the reactors were fed only once at the beginning) sub-
merged in a water bath kept at the selected temperature and
agitated.
Each bottle was partially filled with inoculum and sub-
strate, according to a substrate/inoculum (S/I) ratio of 0.6 on a
VS basis. Most studies suggested that using S/I ratio below 1.0
on VS basis was enough to prevent process instability and to
attain high methane yields during anaerobic digestion of food
waste [4,25].
The different proportions of inoculum and waste investi-
gated, are presented in Table 3. Six different runs containing
untreated and pretreated food waste, as untreated and pre-
treated mixture of olive husks with food waste, were per-
formed,maintaining the S/I of 0.6. The digestionmixtures had
VS concentrations ranging from 15 to 22 g/L.
Before starting anaerobic digestion, each bottle headspace
was flushed by nitrogen gas.
The daily biogas production was monitored through
impermeable Tygon tubes into 50 mL syringes.
The biogas production of the inoculum due to biomass
decay and to the possible presence of residual substrate was
subtracted by performing a blank control test, where the
substrate amount was replaced by water. Each digestion test
was run for 30 days and terminated when no significant gas
production was observed over a 1-week period.
During each test, at regular time intervals (2, 8, 14 and 21
days), one digestion reactor containing untreated and one
containing pretreated substrate were stopped and analysis
were performed.
In the case of tests #1-U and 1-P the initial pH was 8, while
in tests #2-U and 2-P the pH was expressly lowered to 7 by
chemical addition before start-up. In the case of tests #3-U and
3-P, due to themixing of OHwith the FW substrate, reactor pH
was already 7 and no initial chemical addition was necessary;
after 6 days of fermentation pH correction from 5.5 up to 8was
performed with the addition of sodium carbonate (Na2CO3) in
order to facilitate methanization. All tests were performed in
duplicates.Table 3 e Experimental design for the six single stage
digestion tests with amounts of Food waste (FW) and OH
(Olive husks), in terms of VS, untreated (U) or thermal
pretreated (P).
Test# 1-U 1-P 2-U 2-P 3-U 3-P
Food waste (% of VS) 37 37 37 37 18.5 18.5
Olive husks (% of VS) e e e e 18.5 18.5
Raw anaerobic Inoculum
(% of VS)
63 63 63 63 63 63
S/I 0.6
robic bioconversion of food waste in mono and co-digestion with
ane production, International Journal of Hydrogen Energy (2015),
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Total and volatile solids were determined according to stan-
dard methods [31]. The pH was detected by a portable pH-
meter Eutech Instruments pH 700. To analyse the soluble
phase, the particulate sludge matter was removed by centri-
fugation (10 min at 4000 rpm) and resulting centrate was fil-
trated through 0.45 mm pore size membrane filters. Soluble
COD (sCOD), measured in duplicates, was determined by
photometric determination of chromate consumption by the
organic compounds, subsequent to digestion in concentrated
sulphuric acid solution for 2 h at 148 C by means of COD Cell
Test by Spectroquant Merck (EPA method 410.4). Ammonium
nitrogen (NH4
þ-N) was determined according to [31]. The sol-
uble polyphenols (PP) content (only determined for tests #3-U
and 3-P due to OH presence) was determined using the Folin-
Ciocalteau micro-method (detection limit 0.001 g/L). Volatile
fatty acids (VFA) were analysed by injecting 1 mL of filtered
(0.22 mm porosity) liquid sample into a Perkin Elmer Auto
System gas-chromatograph equipped with a FID detector
(flame ionization detector). To analyse the colloidal phase,
samples aliquotswere filtered through glass filterswith 1.2 mm
pores (GF/C Whatman) and the supernatant was used for
proteins and carbohydrates determination. Proteins content
was calculated by means of the Modified Lowry Kit for Protein
Determination, SigmaeAldrich P 5656. Carbohydrates deter-
mination was based on a modified Dubois method [32]. The
biogas composition was measured using a PerkinElmer Auto
System Gas Chromatograph equipped with a thermal con-
ductivity detector (TCD). Methane and hydrogen production
were referred to 25 C and 1 bar.
Data fitting
In order to evaluate the effect of the pretreatment on mono-
and codigestion of food waste, process kinetics was investi-
gated, too. Kinetic parameters estimation can be performed by
assuming that the overall process is represented by a first
order hydrolysis model (Eq. (1)):
dS
dt
¼ KhS (1)
where S is the substrate concentration and Kh is the first order
hydrolysis constant.
The first order hydrolysis is a simplified model for a com-
plex process such as anaerobic digestion, and it can be used
only for substrate for which hydrolysis is the limiting step of
the process. In these cases the first order hydrolysis constant
embodies the disintegration, hydrolysis and methanogenesis
steps accounted for inmore sophisticatedmodels, such as the
ADM1 [33].
Once Eq. (1) is integrated, the relationship between sub-
strate concentration and time can be represented by the
Gompertz equation (Eq. (2)):
S ¼ Soð1 expðKhtÞÞ (2)
where So is the ultimate methane potential.
In the literature, several simplified models have been
applied for estimating performance parameters. Themodified
Gompertz equation (MG) is considered appropriate to modelPlease cite this article in press as: Pagliaccia P, et al., Single stage anae
olive husks: Impact of thermal pretreatment on hydrogen and meth
http://dx.doi.org/10.1016/j.ijhydene.2015.10.061both hydrogen and methane production, because it accounts
for the lag phase whichmay take place at the beginning of the
process (Eq. (3)):
S ¼ So exp

 exp

Rm$e
So
ðl tÞ þ 1

(3)
where l is the lag phase extent and Rm represents the biogas
production rate. The logistic function (LF) is a sigmoid curve
which finds application in a range of fields, including solid
waste fermentation/methanization in landfills and bio-
methane potential tests [34]. This model properly fits the cu-
mulative biogas production shape, since it presents an initial
exponential yield until it reaches a plateau (Eq. (4)):
S ¼ So
1þ exp

4 $Rm $ltSo þ 2
 (4)
Eq. (5) shows the transference function (TF), which is a
sigmoid curve used to mathematically fit inputs and outputs
in black box models, traditionally applied to assess the effi-
cacy of conventional pretreatments [35]:
S ¼ So

1 expRm ðl tÞ
So

(5)
The unknown parameters of the above mentioned models
have been individuated through a standard procedure which
requires the minimization of a cost function. The least
squares has been selected as a cost function (Eq. (6)):
J ¼
XN
j¼1

obs

tj
 simtj2 (6)
where:
- J is the cost function to be minimized;
- N is the number of data;
- obs(tj) is the observed value at tj;
- sim(tj) is the simulated value at tj.Results and discussion
Effect of thermal pretreatment
The results of the effect of thermal pretreatment on the
different substrates are reported in Table 4. The reported
values are averaged over 5 and 3 independent trials for FWand
FWþOH, respectively. Scope of the thermal pretreatmentwas
to maximize the solubilisation of the complex particulate
organic compounds into the liquid phase [16,36].
Total and volatile solids did not change significantly during
pretreatment, suggesting that, in these conditions, thermal
hydrolysis did not lead to any mineralization effect. On the
contrary, slight concentration of solids due to possible un-
controlled evaporation was evidenced.
Meanwhile organic matter release into solution was
considerable for both substrates, particularly for the
(FW þ OH) one (COD solubilisation up to þ35.2% for FW and
þ96.3% for FW þ OH), highlighting that the efficiency of the
thermal pretreatment was significantly more evident forrobic bioconversion of food waste in mono and co-digestion with
ane production, International Journal of Hydrogen Energy (2015),
Table 4 e Effect of thermal pretreatment on food waste and olive husks and food waste mixture.
FW FW þ OH
Untreated Pretreated Untreated Pretreated
TS (g/L) 142.3 ± 18.2 146.4 ± 13.4 95.8 ± 8.9 105.7 ± 10
VS (g/L) 137.1 ± 18.0 141.8 ± 14.5 91.6 ± 9.9 101.4 ± 11
sCOD (g/L) 68.4 ± 2.6 92.0 ± 8.5 37.5 ± 4.6 73.6 ± 7.9
Carbohydratesa (gCOD/L) 8 ± 5 14 ± 7 18 ± 2 46 ± 3
Proteinsa(g COD/L) 12 ± 2 19 ± 4 15 ± 3 17 ± 3
Polyphenols (g/L) <0.001 <0.001 0.46 ± 0.06 0.69 ± 0.07
a <1.2 mm fraction.
i n t e r n a t i o n a l j o u r n a l o f h yd r o g e n e n e r g y x x x ( 2 0 1 5 ) 1e1 1 5complex substrates as OH, that are mostly in particulate form.
Solubilization of raw Kitchen waste after thermal pretreat-
ment at 120 C and 1 bar [36] resulted 24 ± 1%, while in the case
of thermal pretreatment of two-phase olive mill solid waste
carried out in open reactors at 120 or 180 C, the solubilisation
was unexpectedly low, reaching maximum 10% after 180 min
of pretreatment [12].
Enhanced solubilisation of carbohydrates was observed for
both substrates, and solubilisation extent was greater in the
case of (FW þ OH). Thermal pretreatment of chinese kitchen
waste enhanced the soluble sugars concentration from 28.2 g/
kg up to 60.5 g/kg [16]. Nevertheless, as a consequence of
thermal treatment, a significant increase of soluble poly-
phenols was observed for the pretreated FW þ OH sample
reaching a maximum value of 0.6 g/L, below the threshold of
1 g/L recognized as inhibition level for the anaerobic meth-
anogenesis [20].
Bio-hydrogen production during first phase
Fig. 1 Shows the cumulative hydrogen fermentation profiles
during mono digestion of FW (tests #2-U and 2-P) and co-
digestion FW þ OH (tests #3-U and 3-P). No hydrogen was
spotted during tests #1-U and 1-P confirming that pH 8was too
high for acetogenic bacteria activity.
At the early stage of fermentation (0e20 h), the hydrogen
yield increased andwas completedwithin 24 h for the sole FWFig. 1 e Specific hydrogen production during single stage digestio
not showed because H2 was negligible).
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was observed for the four tests during this phase.
The initial pH of 7 in the digesters of test #2 and test #3 was
therefore appropriate to establish the biochemical pathways
of hydrogen fermentation, preserving the activity of
hydrogen-producingmicroorganisms. Moreover, it is worth to
note that hydrogen was produced and recovered in the first
days of the single stage digestion (Fig. 1) suggesting no
hydrogen consumption by methanogenic bacteria, probably
due to the scarcity of hydrogenotrophic methanogens and/or
unfavourable conditions for their bioactivity. During the first
48 h of test #2, degrading FW, pH decreased slightly up to 6.7,
suggesting that the level of acids produced was insufficient to
cause a significant depletion; on the contrary, by co-digesting
FW with OH (test #3), the pH drop was more marked namely
from 7 to 5.8.
The hydrogen/acid production phase depend strictly also
on the substrate composition; in fact, the presence of olive
husks, maintaining same concentration (on VS basis) affected
positively the hydrogen potential [37].
Compared to the untreated mixture (FW þ OH), the
hydrogen production of the pretreated one was significantly
higher (more than þ30%) probably due to the solubilized ma-
terial after thermal pretreatment, reaching a very high con-
version rate of 87 NL of H2/kg VSfed. The beneficial effect of
pretreatment was evidenced in the case of test #2 with sole
FW, too, where the specific hydrogen production for then tests: effect of thermal pretreatment (test with FW pH¼ 8
robic bioconversion of food waste in mono and co-digestion with
ane production, International Journal of Hydrogen Energy (2015),
i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y x x x ( 2 0 1 5 ) 1e1 16pretreated FW resulted 23 against 5 NL of H2/kg VSfed, due to
the high substrate availability.
Similarly, autoclaving Korean canteen food waste had high
impact on hydrogen production, due to preservation of the
nutrient substances in FW and to break down of biodegrad-
able compounds into simpler organic compounds through
physical and chemical reactions, enhancing the hydrolysis of
carbohydrates [13].
Okamoto et al. [38] found from batch experiments that
hydrogen potential of some individual household waste, such
as cabbage, carrot and rice, were 26.3e96 mL H2/g VSadded,
while for lignocellulosic biomasses, the biohydrogen pro-
ductions ranged from 3.16 L H2/kgVS (for corn stalk) to 72 L H2/
kg VS for kitchen waste at pilot scale [39].
The substantial variation in the total amount of hydrogen
produced during the mono- and the co-digestion could be
attributable to the chemical composition of the organic sub-
strates. In fact, the FW-OH mix reported a high concentration
of carbohydrates (Table 4) that in the first 48 h were rapidly
hydrolysed and then consumed by the hydrogen-producing
microorganisms, with removal efficiencies of 75% and 92%
for the untreated and pre-treated mix, respectively. The re-
movals attained were in line with the results of previous
literature findings [40,41]. Carbohydrate rich substrates are
generally more suitable for hydrogen production compared to
protein and lipid rich ones [42], since hydrolysis of carbohy-
drates is faster, up to twenty times [5].
During the hydrogen production phase, ammonium con-
centration in the reactors decreased; in particular, in the firstFig. 2 e Volatile fatty acids (acetate, propionate, iso-
butyrate and butyrate) pattern, during co-digestion test for
untreated, and pretreated (FW þ OH).
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reactors decreased from 1108 ± 34 to 1005 ± 14 mg NeNH4
þ/L,
always lower than 2000 mg NeNH4
þ/L, highlighting no inhibi-
tion during the stage of hydrogen production, as reported also
by Lin et al. [23].
VFA analyses performed during co-digestion tests #3-U and
3-P showed that in the first 192 h butyrate was the major
fermentation by-product, suggesting that butyrate-related
pathways should be the main routes for H2 production [40],
also in the case of co-digestion with complex substrates as
olive husks (Fig. 2). The high concentration of butyrate sug-
gested the dominant presence of Clostridium as microbial
group during the hydrogen production stage [43]. Moreover, at
the end of the test, VFA concentration was not depleted,
probably because of the imbalance betweenVFA consumption
due to the metabolic demand of methanogens, and VFA pro-
duction through proteins degradation.
Methane production and kinetic study
The anaerobic biodegradability of these substrates in terms of
methane potential was verified through the same single stage
anaerobic digestion test, after hydrogen production.
The effect of thermal pretreatment on the process perfor-
mances was evaluated, too. Methane yields of the anaerobic
digestion tests and the corresponding data fitting results are
reported and discussed in the following paragraphs.
Table 5 presents the parameters obtained in the optimi-
zation process for each of the four models taken into account
in this study. Comparing the performance models, the best fit
for tests #1-U and #1-P was achieved using either the Gom-
pertz Function or the Transference Function, the former
reaching the highest coefficients of determination (R2) for
both untreated and pretreated substrates (Table 5). This is
due to the short lag phase experienced during tests #1-U and
#1-P; indeed, as the lag phase increased, due to hydrogen
production in the first phase, the Modified Gompertz Func-
tion and the Logistic Function became more efficient in fitting
the cumulative methane production curve. In case of diges-
tion tests with a significant lag phase, the “classical” Gom-
pertz and the Transference Function proved to be unfit to
properly predict the methane production. This is most
evident in tests #3-U and #3-P, where the experienced lag
phase is around 14e15 days, and is still recognizable for the
untreated substrate in test #2-U, though to a much lesser
extent. In this case the lag phase is around 1 day and the
fitness, still acceptable (R2 > 0.97), was still worse than in the
pretreated sample (test #2-P), which presented a shorter lag
phase.
In the end, the GompertzModelwas chosen to represent all
the tests (the “classical” for test #1, and the Modified one for
tests #2 and #3), both because it resulted the best fit for rep-
resenting the cumulative methane yield, and because of the
wide application in literature.
Methane from mono digestion of food waste and related model
fitting
Methane production increased during the first 5 days of
digestion tests #1-U and #1-P (Fig. 3) and tests #2-U and #2-P
(Fig. 4), remaining successively almost constant until therobic bioconversion of food waste in mono and co-digestion with
ane production, International Journal of Hydrogen Energy (2015),
Table 5 e Parameters estimation of the evaluated models for untreated and pretreated substrates.
Mono-digestion of FW
Initial pH 8
Mono-digestion of FW
Initial pH 7
Co-digestion of
FW and OH
1-U 1-P 2-U 2-P 3-U 3-P
Gompertz
So (ml CH4/gVS) 332.6 336 445.1 383.3 74 25
Kh (day
1) 0.37 0.41 0.35 0.28 0.19 0.17
R2 0.996 0.997 0.977 0.992 0.186 0.087
Gompertz modified
So (mlCH4/gVS) 318.7 324.9 429.8 370.1 517.8 94.88
Rm (mlCH4/gVS/day) 106.9 112.8 194.7 80.1 52.24 8.96
l (day) 0.17 0.12 0.77 0.29 14.92 14.43
R2 0.989 0.990 0.997 0.997 0.998 0.997
Logistic function
So (mlCH4/gVS) 316.2 322.9 428.9 365.9 501.3 91.62
Rm (mlCH4/gVS/day) 129.4 130.6 238.1 82.52 58.08 9.92
l (day) 0.42 0.33 1.00 0.54 15.61 15.16
R2 0.982 0.983 0.997 0.989 0.999 0.999
Transference function
So (mlCH4/gVS) 331.8 336.2 443.8 381.8
a a
Rm (mlCH4/gVS/day) 128.8 140.2 163.2 111.1
a a
l(day) 0.04 0.02 0.12 0.10 a a
R2 0.996 0.997 0.979 0.993
a Not applicable.
i n t e r n a t i o n a l j o u r n a l o f h yd r o g e n e n e r g y x x x ( 2 0 1 5 ) 1e1 1 7end. In fact, the digestion time needed to reach 90% of the final
methane production was always within 7 days, independent
on the initial hydrogen production (recovered only in test #2).
In the case of digestion tests conducted under uncontrolled
pH 8 (test#1-U and #1-P), the thermal pretreatment slightly
affected FW biodegradability and process kinetics. In fact, as
illustrated in Table 5 and Fig. 4, the experimental specific
methane production was 218 ± 1 mL CH4/g CODfed for the
untreated FW and 222 ± 2 mL CH4/g CODfed for pretreated FW,
while the calculated disintegration rate (by Gompertz model)
was increased by nearly þ10% (0.37 d1 for untreated FW vs
0.41 d1 for pretreated FW), the latter result essentially owed
to the increased solubilisation extent. The results are in good
agreement with those obtained by Esposito et al. [44], who
estimated the ADM1 disintegration rate of synthetic organic
waste by means of biomethanation tests.Fig. 3 e Models fit with methane produ
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higher with respect to those calculated for tests #1-U and #1-P,
but in this case the pretreated FW (test #2-P) produced less
methane with respect to the untreated one (test #2-U).
This difference may be attributed to the fact that for the
pretreated substrate the higher production of hydrogen could
have led to an inhibition of the acetogenic phase and conse-
quently to a moderate VFA accumulation. Process instabilities
due to reversible acidification phenomena can result in lower
methane yields [25]. The Modified Gompertz function, taking
into account the lag phase due to hydrogen production,
described the experimental trend with a good agreement for
both samples (R2 > 0.997) and the fitting curve showed a sharp
decrease in the ultimate specific methane production for the
pretreated FW (Fig. 5) and in the daily production rate (80 vs
195 mL/g VS).ction experimental data for test #1.
robic bioconversion of food waste in mono and co-digestion with
ane production, International Journal of Hydrogen Energy (2015),
Fig. 4 e Models fit with methane production experimental data for test #2.
Fig. 5 e Models fit with methane production experimental data for test #3.
i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y x x x ( 2 0 1 5 ) 1e1 18Methane from co-digestion of olive husks and food waste, and
related model fitting
During co-digestion test, after hydrogen expired, there was no
evidence of pH recovery and consequently chemical pH
adjustment up to 8 was necessary. Successively, a lag phase of
8 days was observed before methanation started (Fig. 5).
Methane yield of the untreated mixture (test #3-U) was
215 ± 2 mL/g CODfed, statistically comparable with the one
obtained in test #1 with sole raw FW (test #1-U), but signifi-
cantly lower with respect to the one attained by digesting FW
at initial pH 7 (test #2-U). On the other hand, the specific
methane production of the pretreated mixture (test #3-P) was
significantly lower, highlighting the detrimental effect of the
thermal pretreatment. The drop inmethane specific yieldmay
be the consequence of a decreased biodegradability of the pre-
treated substrate, which is likely to be caused by the triggering
of Maillard reactions [14]. In fact, after thermal treatment, the
colour of the sample turned to dark brown, clear sign of the
presence of melanoidins compounds [11], due probably to
substrate composition rich in carbohydrates, as suggested
also by Liu et al. [16].Please cite this article in press as: Pagliaccia P, et al., Single stage anae
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timatemethane potential (So), it can be noticed that there is an
overall agreement (R2 > 0.99), confirming the adequacy of the
data fitting. Moreover, the estimated ultimate methane po-
tential for the untreated (FW þ OH) co-digestion was higher
than the one estimated for the sole FW digestion (Table 5).
As far as the lag phase extent is concerned, the modified
Gompertz equation provided similar results between raw and
pretreated FW þ OH substrate (Fig. 5), while the successive
methane production was significantly different, with a sig-
nificant drop (over 80%) for the pretreated substrate as regards
process kinetic rate, too (Table 5).
Comparison of anaerobic digestion tests performances
Main experimental results obtained for the six digestion tests
were summarized in Table 6. It is worth noting that VS
reduction was around 34e37% for the digestion tests with sole
FW (test #1 and test #2), and no effect of the pretreatment was
evidenced. On the contrary, higher removals (49e53%) have
been evidenced during co-digestion (test #3) suggesting thatrobic bioconversion of food waste in mono and co-digestion with
ane production, International Journal of Hydrogen Energy (2015),
Table 6 e Comparison of the performances of the investigated single stage digestion batch tests for untreated (U) and
pretreated (P) substrates.
Test#1 Test#2 Test#3 (FW þ OH)
FW digestion (Initial pH 8) FW digestion (Initial pH 7) Co-digestion Initial pH 7
U P U P U P
VS reduction (%) 34.4 33.5 35.4 35.0 49.3 53.0
Soluble COD degradation (%) 86.0 88.9 79.7 83.7 80.5 81.0
Protein degradation (%) 28.8 33.3 53.1 49.8 29.5 26.7
Carbohydrate degradation (%) 95.8 98.3 53.0 53.2 94.3 86.6
Biogas yield (Nm3/kgVSfed) 0.574 0.589 0.784 0.774 1.363 0.663
Hydrogen yield (Nm3/kgVSfed) e e 0.005 0.023 0.084 0.087
Methane yield (Nm3/kgVSfed) 0.339 0.345 0.446 0.385 0.505 0.091
Protein and carbohydrates data refer to colloidal fraction.
i n t e r n a t i o n a l j o u r n a l o f h yd r o g e n e n e r g y x x x ( 2 0 1 5 ) 1e1 1 9the OH addition led to increase in digestible biomass content.
Macromolecular analysis of colloidal polymers as proteins
and carbohydrates evidenced that protein degradation was
low, if compared to the carbohydrates one (in the case of test
#1 and test #3), and sometimes was even not complete as re-
ported by Yasin et al. [42]. As expected carbohydrates were
consumed at higher rates [5], and their uptake was virtually
accomplished by 48 h of digestion. The presence of this easy
degradable fraction allowed a very short lag phase (almost
negligible) before digestion started. Protein degradation was
slower and usually started after carbohydrates were no longer
available (as in test #2). It was noticed that during carbohy-
drates consumption, proteins were hydrolysed and trans-
ferred into solution (data not shown).
Specific biogas productions obtained during FW digestion
ranged from 0.57 to 0.78 Nm3/kg VSfed, consistent with litera-
ture data, and depend strictly on FW composition and initial
pH. The effect of thermal pretreatment was slight positive
only at uncontrolled pH.
Qiao et al. [24] found that untreated and hydrothermal
pretreated FW collected from a student canteen could record
respectively a specific biogas yield of 0.69 and 0.67 Nm3/kgVS.
Chen et al. [45] reported that cafeteria FW could achieve a
specific biogas yield of 0.61 Nm3/kgVS. Zhang et al. [3] ob-
tained only 0.53 Nm3/kgVS giving proof of the high variability
of results in anaerobic digestion using this kind of substrate.Table 7 e Gompertz equation parameters from BMP tests and
Substrate (Reference) Pretreatment Es
So (ml CH4
FW (this study) e 318.7
Thermal 324.9
KW þ WAS [28] Sample 1 241
Ultrasounds (Sample 1) 242÷27
Sample 2 219
Thermo-chemical (Sample 2) 211 ÷2
OFMSW [46] e 308
Thermal 318
Grease waste [46] e 489
Thermal 524
FW [47] e 697
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treated and untreated substrates ranged from 44% to 59%, the
rest being mostly carbon dioxide. This is a similar finding to
that determined by Liu et al. [16], which measured an average
methane percentage of 56.7 for mesophilic food waste diges-
tion, while varied from 55 to 63% for autoclaved and untreated
food waste semi-continuous digestion [14].
As regards the methane yields, the lower initial pH of 7,
instead of uncontrolled pH 8, seemed to affect positively the
methane conversion rate of the sole FW, while the integration
of the thermal pretreatment, enhancing the hydrogen pro-
duction, decreased the methane yields from 0.446 to
0.385 Nm3/kg VSfed. Typical Japanese kitchen waste [16,40]
provided sequential hydrogen and methane potential of
66 mL H2/gVS and 364 mL CH4/gVSadded, respectively, which is
in good agreement with the results reported for untreated
waste digestion in this study. This indicates that the relatively
high VS concentrations and the process of the recirculation of
digester sludge promote biogas production.
Qiao et al. [24] recovered methane from canteen FW with
conversion rates of 0.47 and 0.43 Nm3 CH4/kgVS for untreated
and pretreated sample, respectively, consistent with those
obtained in this study (Table 6), while Chen et al. [45] obtained
lower methane values ranging from 0.28 Nm3/kgVS for a caf-
eteria FW and 0.52 Nm3/kg VS from a mixed FW stream.
Kitchen waste deriving from traditional Chinese cooking hadpretreatment effects.
timated parameters Gain due to pretreatment
/g VS) Rm (ml CH4/gVS d) So (%) Rm (%)
106.9
112.8 þ2 þ5.5
5.3
8 4.8÷5.8 Up to þ14 10 ÷ 9
10.1
36 10.6 ÷13.7 4 ÷ 7 4 ÷ 35
32.4
85.6 þ3 þ164
82.4
118.1 þ7 þ43
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i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y x x x ( 2 0 1 5 ) 1e1 110high methane production potential with 0.568 L/gVS due to
the high crude fat content [16].
Co-digestion of untreated FW with OH enhanced dramat-
ically the biogas yield up to 1.36 Nm3/kg VSfed probably due to
the presence of lipid-rich substrate as OH, since lipids exhibit
a much higher biogas potential (1 m3 per kg VS) than carbo-
hydrates and proteins.
In order to compare the findings of this study to those re-
ported in the literature, the Gompertz equation parameters
estimated for test #1 with sole FW, untreated and pretreated,
are reported in Table 7 together with those obtained from
different pretreatments applications to similar substrates,
such as kitchenwaste (KW), greasewaste and organic fraction
of municipal solid waste (OFMSW).
This comparison highlighted the extreme variability of the
substrates characteristics, hence the fluctuation of both ki-
netic parameters and biodegradability extent.
The substrate investigated in this paper presented a good
biodegradability extent, if compared with the average of the
other substrates, most likely owing to the characteristics of
the components of the FW samples subject to the BMP test.
Moreover, the outcomes of this study are in line with the
general trend of the other thermal pretreatments, showing a
raise of the kinetics parameters (which in this case is limited
to 5.5%) and a very limited impact on the overall biodegrad-
ability, with a maximal gain of 2e3%.Conclusions
Thermal pretreatment increased soluble COD, and in partic-
ular carbohydrates, from Food Waste (FW), alone or mixed
with Olive Husks (OH), affecting positively hydrogen produc-
tion, only for initial pH values lower than 7. Moreover, co-
digestion of pretreated wastes was a successful option for
encouraging and improving hydrogen production compared
to sole pretreated FW (87 vs 23 NL/kg VSfed), while was detri-
mental as regards methane, probably due to refractory com-
pounds formation. The co-digestion of untreated (FW þ OH)
achieved the highest methane conversion rate (0.505 Nm3/kg
VSfed), while the sole FW digestion assured a methane yield in
the range 0.339e0.446 Nm3/kg VSfed, independent on the first
phase of hydrogen production.
High hydrogen yields remain to be the ultimate goal and
challenge for the bio-hydrogen research and development.
Enhancement in hydrogen yield may be possible by inte-
grating the appropriate biomass pre-treatment, as thermal
hydrolysis, and governing the hydrogen conversion efficiency
by means of suitable bioreactor design (i.e. two stage config-
uration) and operating parameters (as pH and composition).
One of the most important challenge for sustaining hydrogen
production during food waste fermentation is to avoid the
growth of hydrogen-consuming bacteria. Due to the continual
addition of mixed culture present in food- and agrowastes
there is always the risk that unwanted hydrogenotrophic
methanogens could grow up and consume the hydrogen
already produced. On the basis of these results, the strategies
to adopt to select the H2-producing bacteria will be based on
the optimization of the HRT of the first stage, combined withPlease cite this article in press as: Pagliaccia P, et al., Single stage anae
olive husks: Impact of thermal pretreatment on hydrogen and meth
http://dx.doi.org/10.1016/j.ijhydene.2015.10.061the appropriate pH that, according to these results, should be
around 6.5e7.0 for carbohydrate-rich feedstocks.Acknowledgements
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